Abstract-We present a simple approach to measure the dielectric constant of solid materials. In this approach, the powder for the solid under investigation is mixed with the oil at a specific volume fraction. By measuring the oil and the mixture, the permittivity of the inclusion, i.e. the solid, can be accurately derived from the Maxwell-Garnett effective medium theory. With this method, the strict requirements for the solid shape and surface flatness in the conventional measuring configurations can be waved off, and meanwhile the broadband permittivity can be obtained. The demonstrations on alumina and glucose show this approach is valid and robust.
I. INTRODUCTION
The characterization of dielectric constants or permittivity of materials at radio and microwave frequencies has been intensely studied and widely applied in science and industry [1] [2] [3] [4] . Several approaches have been well developed in terms of the transmission line and the resonator configuration. The resonant cavity method, leading to very accurate values of permittivity, works well on the single frequency. In contrast, the transmission line method enables either narrowband or broadband measurements, depending on the type of transmission line. However, a common problem has been identified for both methods to measure a solid sample, for which the sample needs to be machined and polished to fit precisely and tightly into the internal shape/cavity of the transmission line/resonator. This difficulty becomes more severe when one is dealing with fragile solids.
In electromagnetic materials characterization, it is well known that the Maxwell-Garnett (MG) effective medium theory predicts the bulk effective permittivity of a composite in terms of the permittivity of the inclusion and the host materials [5, 6] . In the long wavelength regime, the electromagnetic properties of such composites are similar to homogeneous materials with the permittivity that can be tuned readily via the volume fraction of the inclusions, and can give rise to the realization of controllable dielectrics or even present the extraordinary electromagnetic properties [7, 8] .
In this paper, we introduce a simple method to measure the permittivity of solids based on the MG theory. We use the powder sample of the solids and mix it with silicone oil to form the composite fluid at certain volume fraction. The dielectric constant of the composite fluid and the oil are characterized by using a coaxial probe that is a convenient and standard way to measure the liquids through the immersion. According to the MG theory, the permittivity of the inclusion, i.e. the solid, can be simply derived out, given the volume fraction, the permittivity of the mixture and the oil. From this method, one can easily see that an advantage is no concerns/requirements about the solid shape and surface flatness in measurements, since we are dealing with the powder. Another advantage is this approach can precisely characterize the permittivity of materials that are naturally in powder form.
II. EXPERIMENT AND RESULTS
The MG effective medium formula has the expression where ε m , ε h , and ε i is the permittivity of the mixture, the host medium, and the inclusions, respectively, and δ i is the volume fraction of the inclusions [5, 6] . This formula has been regarded as valid to calculate the dielectric constant of the composite materials at lower volume fractions.
We employ silicon oil as the host medium, and mix the powder into the oil. Other liquids can also be used, provided that they don't dissolve the powder and are not volatile, either. Measuring the dielectric constants of the oil and the mixture is performed with the coaxial probe (Agilent 85070E), which is a good choice to measure the permittivity for liquids [9] . Furthermore, the coaxial probe enables us to perform broadband measurements because its fundamental waveguiding mode has no cutoff frequency.
We use commercially available alumina powder to prove our method. The purity of Al 2 O 3 powder used for our experiment is 99.8%. We make three volume fractions, 15%, 18.4%, and 21%, of mixtures for the alumina powder, and measure their corresponding dielectric constants. From the results in Fig. 1 , we calculate the permittivity of alumina using Eq. (1), and plot them in Fig. 2 . We notice that the three volume fractions of measurements display the consistent results with an average value of the permittivity 9.60+0.20i for the commercially available alumina. This indicates the feasibility of our method to measure the dielectric constant of solid samples. In order to find the accuracy of our method, we have measured the permittivity of alumina solid block using the conventional method. The alumina block is 6×6×5cm 3 in size and one of the surfaces has been polished elaborately with surface flatness of ±10um to make a firm contact with the measuring probe. The result obtained from directly pressing the probe against the alumina solid agrees very well with the results from the powder test, as shown in Fig. 2 (black line) , which reveals that our approach is convincing and as accurate as conventional measurements. We also notice that the typical value of the real part of permittivity of Al2O3 in the literature is 9.5-10, which is in good agreement with our results, while the imaginary part of the permittivity is <0.01 which is smaller than ours [10] . In addition, we perform the measurement on the glucose crystal (G8270 powder from the Sigma-Aldrich Chemical Co) and obtain the average permittivity of glucose 3.38+0.06i.
IV. CONCLUSIONS
We present a simple approach to measure the permittivity of solid materials, based on the MG theory. The proof demonstrations are performed, and the results show the validity and the robustness of our method. Comparing with the conventional measuring configurations, our advantage is no requirements for solid shape and surface flatness in measurements and the broadband availability. Additionally, the capacity of our directly addressing the powder particles makes it very important to characterize the electromagnetic properties of some nanomaterials, such as ferroelectric nanoparticles [11] . 
